Describing the diets of wild animals is a crucial task and central theme in the field of biology, because understanding the dietary ecology of different species provides essential information about habitat requirements, trophic interactions, and food webs ([@zoz058-B15]; [@zoz058-B12]; [@zoz058-B95]; [@zoz058-B86]). Characterizing the resource base of wild animals can also address questions related to nutritional ecology ([@zoz058-B22]; [@zoz058-B9]), resource partitioning ([@zoz058-B103]; [@zoz058-B63]), and selective pressures that shape morphology and socio-ecology ([@zoz058-B49]; [@zoz058-B17]). Dietary studies also play a central role in assessing the responses of wild populations to anthropogenic habitat alteration ([@zoz058-B54]; [@zoz058-B9]). This kind of information is especially vital for the conservation efforts of rare or endangered species, because it helps to identify habitats or food sources that need to be maintained ([@zoz058-B97]; [@zoz058-B6]).

Two principal methods for assessing the dietary ecology of wild animal populations are direct observations of feeding activity and analysis of fecal samples ([@zoz058-B58]; [@zoz058-B2]; [@zoz058-B50]; [@zoz058-B25]; [@zoz058-B43]). Focal animal sampling and instantaneous scan sampling are typical observational methods used to measure activity budgets, time spent feeding, and intake rates ([@zoz058-B2], [@zoz058-B3]; [@zoz058-B104]; [@zoz058-B40]). However, these techniques can be subject to observer error, observer bias, and results may be influenced by data recorded predominantly in parts of the habitat in which a species is most observable ([@zoz058-B53]; [@zoz058-B84]; [@zoz058-B81]; [@zoz058-B90]). Additionally, the processing or handling time of different foods may not be proportional to the amount of that food consumed ([@zoz058-B35]). For example, in howler monkeys *Alouatta pigra* leaves accounted for 50.6% of time spent feeding, but estimates of dry matter intake of leaves indicated that they accounted for 37% of ingested food ([@zoz058-B76]); similarly observations of chimpanzees *Pan troglodytes* were found to overestimate ingested foods ([@zoz058-B33]). Sampling bias may also be introduced by the length of the sampling period and seasonal variation in diet, time of day, and sex and age of the observed individual ([@zoz058-B33]; [@zoz058-B2], [@zoz058-B3]; [@zoz058-B79]).

Direct observations are not always possible since many wild animals are difficult to locate and reliably observe. Researchers may also make ethical decisions, selecting indirect methods to reduce negative impacts (such as disturbance or disease transmission) on the study population ([@zoz058-B28]; [@zoz058-B85]). Therefore, non-invasive methods, such as macroscopic fecal sampling ([@zoz058-B89]; [@zoz058-B8]), microscopic and molecular fecal analysis ([@zoz058-B65]), DNA barcoding of fecal samples ([@zoz058-B74]; [@zoz058-B47]), and examination of trail signs and feeding remains ([@zoz058-B78]; [@zoz058-B19]), can be important for determining animal diets, particularly of shy or at-risk species. However, the choice of indirect methods and their associated biases will vary depending on the study species and the research questions to be answered.

Macroscopic fecal inspection is used to assess diet in a wide range of species (birds: [@zoz058-B36]; elephants and antelope: [@zoz058-B45]; bears: [@zoz058-B42]), including primates ([@zoz058-B39]; [@zoz058-B89]; [@zoz058-B19]; [@zoz058-B30]; [@zoz058-B88]; [@zoz058-B68]; [@zoz058-B38]). However, ingested foods have differential rates of digestion, and this approach may result in bias toward items that show greater digestive resistance due to their biochemical and physiological properties (e.g., seeds, hard leaves, or chitinous invertebrate exoskeletons) ([@zoz058-B89]; [@zoz058-B57]; [@zoz058-B11]). However, it is worth noting that the detection of hard-bodied invertebrates during macroscopic fecal analysis may be influenced by the presence of a functional chitinase gene that assists with the digestion of chitin ([@zoz058-B37]). Furthermore, food classes that leave no recognizable remains (e.g., some leaves, flowers, and soft-bodied invertebrates) may be absent from estimates---these limitations have been well documented in previous studies ([@zoz058-B53]; [@zoz058-B73]; [@zoz058-B18]; [@zoz058-B89]; [@zoz058-B87]). Additionally, some items are difficult to identify (e.g., pith and stems), and this may lead to underestimation of these food types in the diet ([@zoz058-B89]; [@zoz058-B87]; [@zoz058-B8]; [@zoz058-B64]; [@zoz058-B68]).

Despite the varying capacities of these approaches to quantify wild animal diets, few studies have made direct intraspecific comparisons of macroscopic fecal sampling and direct feeding observations (reviewed by [@zoz058-B60]). Research has focused on comparisons of invasive and non-invasive indirect methods ([@zoz058-B5]; [@zoz058-B82]; [@zoz058-B41]; [@zoz058-B99]; [@zoz058-B13]) or observational methods ([@zoz058-B23]; [@zoz058-B48]; [@zoz058-B25]; [@zoz058-B4]). Some studies have directly compared diet composition estimated from observations with macroscopic fecal analysis ([@zoz058-B53]; [@zoz058-B55]; [@zoz058-B64]; [@zoz058-B7]; [@zoz058-B69]), but to date no studies have made direct comparisons using group-level analyses across seasons for chimpanzees ([@zoz058-B68]).

Chimpanzees are an ideal species with which to compare the diet profiles generated by these two techniques, since indirect (macroscopic fecal analysis: [@zoz058-B89]; [@zoz058-B8]; [@zoz058-B54]; [@zoz058-B66]; [@zoz058-B14]) and direct methods (focal sampling: [@zoz058-B102]; [@zoz058-B72]; scan sampling: [@zoz058-B59]; [@zoz058-B91]) have been employed widely. Determining the breadth and composition of species in the diet using these methods are subject to the above-mentioned biases. Of particular concern is the limited identification and estimation of foods easily digested in fecal samples, and the difficulty observing certain feeding behaviors, which leads to inaccurate estimates. While researchers are often aware of these limitations in general, direct comparisons of methods provide a means for assessing how they might specifically affect results from research on a species or population. Dietary ecology is a particular focus in chimpanzee studies because it can facilitate conservation of this endangered species. Knowledge of potential sources of bias in determining the diet of chimpanzee populations can improve accuracy in identifying important food species and can assist with the protection of those species from anthropogenic influences ([@zoz058-B16]; [@zoz058-B21]; [@zoz058-B71]).

Comparisons of chimpanzee focal observations and macroscopic fecal inspection in Budongo, Uganda indicated that the proportion of fruits estimated in the diet from both methods were positively correlated, but young leaves were not ([@zoz058-B20]). The study provided no discussion or explanation as to why this was the case, but it could be argued that the digestibility of young leaves may account for the difference. Research comparing the number of plant or animal items detected from focal observations and macroscopic fecal inspection in Kibale National Park, Uganda concluded that the indirect method was less accurate in describing folivorous and faunivorous diet types ([@zoz058-B67]). The difference here was likely due to the difficulties of identifying leaf, pith, or animal fragments in the fecal samples ([@zoz058-B89]; [@zoz058-B67]). This research also indicated that when analyzing fecal samples in two subsets, one considering gut passage rates and the other not, the results were similar ([@zoz058-B67]). However, the study did not examine the time spent feeding on different food types. An opposite trend was reported in a study on macaques *Macaca cyclopis*, where more vine/shrub species were detected in fecal samples than through observations ([@zoz058-B87]); presumably because feeding on those items was difficult to observe.

Seasonal differences in diet could lead to seasonal differences in food digestibility because different foods are consumed, and therefore, correlations between macroscopic fecal analysis and behavioral observations may differ across seasons. Research spanning an annual cycle that compares the relative proportions of each main food type in the chimpanzee diet between seasons would demonstrate how reliably the two methods correlate in their predictions of chimpanzee diet over time. This is particularly important for species that experience considerable seasonality in the types of food available to them ([@zoz058-B94]; [@zoz058-B31]), such as the chimpanzee community in the montane forest of Nyungwe National Park, Rwanda ([@zoz058-B51]).

Little research has undertaken detailed and direct comparisons using group-level analyses of dietary data collected from both direct observations and macroscopic fecal analyses between seasons remain unexplored in chimpanzees. Interpretations of diet for any species from observations, macroscopic fecal sampling, or a combination of methods should (if possible), be made with knowledge of the methodological incongruences. With this in mind, the purpose of this study was to 1) highlight any differences in dietary breadth and diversity estimated using direct group-level scans and macroscopic fecal sampling and 2) determine the comparability of diet composition estimated using those two methods across an annual cycle to include seasonal differences. This study does not aim to promote one method over another, but highlight the key differences of each method in order to promote informed methodological choice, accurate interpretations, and cross-site examinations.

Materials and Methods
=====================

Study site and subjects
-----------------------

The study was conducted in Nyungwe National Park, Rwanda (2°17′ −2°50′S and 29°07′ −29°26′E, [Figure 1](#zoz058-F1){ref-type="fig"}). The 1,019 km^2^ park is located in southwestern Rwanda and connects with Kibira National Park, Burundi. The park is characterized by steep slopes ranging from 1,600 to 2,950 m ASL and contains a mosaic of primary and secondary forest. During the study period (September 2016 to August 2017) annual rainfall was 1,402 mm and mean daily temperature ranged from 11.4°C to 19.6°C (Meteorological station location: 2°28′43″S, 29°12′00″E, 2465 m ASL [@zoz058-B61]). September to November and January to March were the rainy seasons (monthly rainfall \>100 mm), April to August was the major dry season (monthly rainfall \<100 mm), and December was also dry (\<100 mm), tree fruit production peaked in the major dry season ([@zoz058-B51]). The park has a rich primate diversity, containing at least 13 species of primates, including one species of great ape: the eastern chimpanzee *Pan troglodytes schweinfurthii*. The focal subjects for this study were the Mayebe community of chimpanzees, numbering ∼67 free-ranging individuals (18 adult females and 14 adult males individually recognizable, [@zoz058-B26]), this community receives regular tourists and generally tolerates human presence at \>20 m.

![Map of Nyungwe National Park, located in southwestern Rwanda, East Central Africa. Adapted by K. Meisterhans and C. C. Grueter from Nyungwe National Park Management Plan 2012--2021.](zoz058f1){#zoz058-F1}

Data collection
---------------

We collected data from September 2016 to August 2017 for 10 days each month (split into two slots of five consecutive days, with 2 weeks between each sampling period) using 2 methods: instantaneous scan sampling and fecal sampling. Sampling effort occurred on concurrent days throughout the study.

Observational data
------------------

We collected observational data through instantaneous scan samples ([@zoz058-B1]) taken at 15-min intervals (*n *=* *1,532 feeding scans over 12 months, 14.2 $\pm$ 8.4 scans per day, 2.5 $\pm$ 1.7 individuals feeding per scan). While the terrain, dense vegetation, and large home range precluded the possibility of conducting individual focal follows, we took care not to resample the same individuals in the group scans by using distinguishing features (e.g., size, hair color, facial features, physical marks, or disfigurements) as a form of identification. We located the chimpanzees at their nests before dawn (when the previous day's nesting sites were known) and followed them throughout the day (for full-day focal group follows) to the evening nest site when possible. Alternatively, we used vocalizations and recently used feeding sites or fresh tracks to locate the chimpanzees. During each group-level scan we noted whether each individual was feeding and if so, we recorded the item (e.g., plant, animal, and mushroom), species, and part consumed (fruit, pith/stem, leaf, flower, bark, and wood). We calculated the composition of the diet as the proportion of scans in which individuals fed on a non-plant item or plant part relative to the number of feeding scans ([@zoz058-B51]). When calculating dietary breadth (number of species consumed) from scan sampling data, we also used feeding remains data associated with the scan samples; if for instance, we could not reliably identify a species fed upon due to poor visibility, we entered the area after the chimpanzees had moved away from the food source, and where possible identified the species from remains (one leaf and one mushroom species unidentified).

Fecal sample data
-----------------

We collected fresh fecal samples (\<24 h old) that were undisturbed by insects opportunistically during the same two 5-day sampling periods as behavioral observations (*n *=* *323 samples collected over 12 months of observation). Due to opportunistic collection methods, we were not able to link the fecal samples to a specific age--sex class or known individual. Samples were easily distinguished from other primate feces by size, smell, form, and color. The samples were taken back to camp, stored in plastic zip-lock bags, and analyzed within 5 days of collection. We weighed and then sluiced the entire wet sample in 1 mm mesh sieves ([@zoz058-B52]). We examined each sample macroscopically, and categorized each item (fruit, leaf, pith, flower, animal, or honey), identifying them to species level where possible (two fruit and one leaf species unidentified). We estimated each category visually as a proportion of the total fecal sample volume, to the nearest 5% ([@zoz058-B8]), and counted each fruit seed unless \<2 mm in diameter, in which case they were estimated.

All research protocols were reviewed and approved by the University of Western Australia's Animal Ethics Committee (RA/5/15/1070) as well as the governing body of Nyungwe NP, the Rwanda Development Board---Tourism and Conservation Department.

Analytical methods
------------------

We used Pearson's correlations to assess the relationship between the number of fruit species, non-fruit plant species (of which leaves and pith are consumed), and total plant species that the chimpanzees fed on during the five consecutive observation day periods and the number recorded in fecal samples during the same 5 days (data did not deviate significantly from a normal distribution). We also used Pearson's correlations to analyze the relationship between dietary diversity and evenness determined from observations and fecal samples. Shannon's Index \[$H^{'}$=$- {\sum\left\lbrack P_{i}{\ln{\left. P_{i} \right\rbrack,~}} \right.}$where $P_{i}$ is the proportion of feeding time (or proportion of each fecal sample) accounted for by $i$th food type\] was used to estimate monthly dietary diversity for observational and fecal data ([@zoz058-B83]), and Hill's index ($J^{'}$=*H′*/*x*, where *x* is the total number of species sampled) was used to estimate dietary evenness ([@zoz058-B32]; [@zoz058-B70]).

For analyses, we categorized honey and insects together as "non-plant." During fecal analysis, honey was primarily determined by bee (*Apis mellifera* or Meliponini) remains, since bees are only consumed when the chimpanzees are consuming honey, so the detection rate of honey is assumed to be comparable to insects: due to low consumption rates, these could not be analyzed separately. We assessed whether method type (observational or fecal) influenced the proportion of each category (fruit, leaf, pith, flower, and non-plant) in the scan or fecal samples using separate generalized linear models (GLMs) with a binomial error distribution and a logit link function. The response was highly skewed for observations (e.g., fruit consumption was observed 100% of the time in 66% of group feeding scans) and fecal samples (e.g., 72% of fecal samples did not contain flowers), precluding the use of a Poisson distribution. The response was partitioned into a binomial denominator (total possible occurrence of a category was 1) and a numerator (the proportion of each food category present in the sample). We included season (wet or dry months) and interactions between season and method as additional predictors were also included to assess whether there was a seasonal or season \* method effect on the estimation of diet. The full model was: $$\text{the}~\text{proportion}~\text{of}~a~\text{food}~\text{category}~\text{in}~\text{the}~\text{diet}~\left( {\text{averaged}~\text{for}~\text{each}~5 - \text{d}\text{ay}~\text{consecutive}~\text{sampling}~\text{period}} \right) \sim \text{method}\left( \text{observational}~\text{or}~\text{fecal}) + \text{season}\left( \text{wet}~\text{or}~\text{dry}) + \text{method}*\text{season}. \right. \right.$$

To demonstrate trends on a finer scale we also analyzed the data by month using the same method and model as above, but with month as the additional predictor instead of season. Data were analyzed in SPSS $13.0$ (SPSS Inc., Chicago, IL, USA).

Results
=======

A comparison of the plant foods consumed for each method type revealed that the number of plant species fed upon during direct foraging observations positively predicted the number of plant species detected through macroscopic fecal inspection (Pearson correlation, *n *=* *21 5-day comparisons, *r *=* *0.48, *P *\<* *0.05; [Figure 2A](#zoz058-F2){ref-type="fig"}). When considering fruit and non-fruit (e.g., herbaceous) species separately, the number of fruit species consumed was highly correlated between methods, but non-fruits were not, specifically feeding observations detected fewer non-fruit species (fruit: *n *=* *21, *r *=* *0.54, *P *=* *0.007; non-fruit: *n *=* *21, *r *=* *0.34, *P *=* *0.11; [Figure 2B,C](#zoz058-F2){ref-type="fig"}). Dietary diversity (*H*′) and evenness (*J*′) were not significantly correlated between data collection methods during the 5-day field trips (*H*′: *n *=* *10, *r *=* *0.16, *P *=* *0.61; *J*′: *n *=* *10, *r *=* *0.07, *P *=* *0.81).

![The relationship between the number of **A**) all plant species **B**) fruit species, and **C**) non-fruiting (i.e., herbaceous) species detected in the chimpanzee diet through direct feeding observations and macroscopic fecal samples during bi-monthly field trips from August 2016 to September 2017 in Nyungwe National Park, Rwanda.](zoz058f2){#zoz058-F2}

There was a significant effect of the interaction between season and method on the proportion of fruit, leaves, pith, flowers, and non-plant items detected in the observational scans and fecal samples, with greater similarities in dietary information between method collection types in one season than the other ([Table 1](#zoz058-T1){ref-type="table"}). While the model in [Table 1](#zoz058-T1){ref-type="table"} was assessed at a seasonal level, [Figures 3--7](#zoz058-F3){ref-type="fig"} and model in [Table 2](#zoz058-T2){ref-type="table"} are presented at the month level to demonstrate precisely where the differences and similarities lie. The proportion of fruits consumed by chimpanzees using the two sampling methods was comparable only during September (wet season), December, and May (dry season, [Figure 3](#zoz058-F3){ref-type="fig"} and [Table 2](#zoz058-T2){ref-type="table"}). The most substantial differences were apparent during November, January, February, and August (wet season and end of the dry season, [Figure 3](#zoz058-F3){ref-type="fig"}). In these months, direct foraging observations predicted much higher proportions of fruit in the diet than fecal samples; the reverse trend was apparent during March, April, and June (dry season and end of the wet season, [Figure 3](#zoz058-F3){ref-type="fig"}).

![Mean percentage of fruit (with 95% CI) in the chimpanzee diet over 12 months of continuous sampling (2016--2017), using observational scans and macroscopic fecal sampling.](zoz058f3){#zoz058-F3}

###### 

GLM analysis of the effect of method (observational scans and macroscopic fecal sampling) and season on the proportion of fruit, pith, leaf, flower, and non-plant items (honey and insects) in the chimpanzee diet over a 12-month period (2016--2017)

  Food type   Predictors         χ^2^   *P*-value   Effect size±SE                            95% CI
  ----------- ------------------ ------ ----------- ----------------------------------------- --------------
  Fruit       Method             35     \<0.001     Fec: −0.36 ± 0.06 (Obs: 0~a~)             −0.48, −0.24
              Season             23     \<0.001     Dry: 0.29 ± 0.06 (Wet: 0~a~)              0.17, 0.41
              Method \* Season   83     \<0.001     Fec\*Dry: −0.08 ± 0.08                    −0.26, 0.08
                                                    Obs\*Dry: −0.02 ± 0.09                    −0.19, 0.15
                                                    Fec\*Wet: −0.67 ± 0.09 (Obs\*Wet: 0~a~)   −0.84, −0.50
  Pith        Method             241    \<0.001     Fec: 2.11 ± 0.13 (Obs: 0~a~)              1.84, 2.37
              Season             18     \<0.001     Dry: 0.41 ± 0.09 (Wet: 0~a~)              −0.61, −0.22
              Method \* Season   272    \<0.001     Fec\*Dry: 2.19 ± 0.23                     1.73, 2.65
                                                    Obs\*Dry: 0.69 ± 0.26                     0.17, 1.21
                                                    Fec\*Wet: 2.80 ± 0.23 (Obs\*Wet: 0~a~)    2.35, 3.26
  Leaf        Method             53     \<0.001     Fec: 0.65 ± 0.08 (Obs: 0~a~)              0.47, 0.82
              Season             8      \<0.05      Dry: −0.16 ± 0.08 (Wet: 0~a~)             0.04, 0.26
              Method \* Season   56     \<0.001     Fec\*Dry: 0.50 ± 0.12                     0.25, 0.75
                                                    Obs\*Dry: −0.12 ± 0.14                    −0.39, 0.16
                                                    Fec\*Wet: 0.68 ± 0.12 (Obs\*Wet: 0~a~)    0.43, 0.93
  Flower      Method             235    \<0.001     Fec: −2.92 ± 0.19 (Obs: 0~a~)             −3.29, −2.55
              Season             10     0.002       Dry: 0.34 ± 0.10 (Wet: 0~a~)              0.55, 0.12
              Method \* Season   245    \<0.001     Fec\*Dry: −2.98 ± 0.22                    −3.43, −2.54
                                                    Obs\*Dry: −0.42 ± 0.11                    −0.64, −0.19
                                                    Fec\*Wet: −3.54 ± 0.36 (Obs\*Wet: 0~a~)   −4.26, −3.34
  Non-plant   Method             8      0.002       Fec: −0.87 ± 0.25 (Obs: 0~a~)             −0.93, −0.53
              Season             29     \<0.001     Dry: −1.79 ± 0.33 (Wet: 0~a~)             −2.45, −1.15
              Method \* Season   30     \<0.001     Fec\*Dry: −2.54±0.60                      −3.73, −2.35
                                        \<0.001     Obs\*Dry: −1.56 ± 0.39                    −2.33, −1.77
                                                    Fec\*Wet: −0.30 ± 0.27 (Obs\*Wet: 0~a~)   −1.34, −0.24

0~a~ is set to zero because this category level is the reference category. Fec, fecal sampling; Obs, observational sampling.

###### 

GLM analysis of the effect of method (observational scans and macroscopic fecal sampling) and month on the proportion of fruit, pith, leaves, and flowers in the chimpanzee diet over a 12-month period (2016--2017)

             Fruit:   Pith:   Leaf:                                        Flower:                                                                                                                                                                                                          
  ---------- -------- ------- -------------------------------------------- -------------- ----- -------------------------------------------- -------------- ----- ------------ -------------------------------------------- ----- ------------ -------------------------------------------- --
  Method     38                                                                           247                                                               54                                                              266                                                             
                      Fec     −0.39±0.06                                   −0.52, −0.27         2.15±0.13                                    1.89, 2.42           −0.67±0.09   0.49, 0.85                                         −3.24±0.19   −3.63, −2.85                                 
                      Obs     0~a~                                                              0~a~                                                              0~a~                                                            0~a~                                                      
  Met\*Mon   509              See [Figure 3](#zoz058-F3){ref-type="fig"}                  244   See [Figure 4](#zoz058-F4){ref-type="fig"}                        243          See [Figure 5](#zoz058-F5){ref-type="fig"}         547          See [Figure 6](#zoz058-F6){ref-type="fig"}   
  Month      329              0~a~                                                        121   0~a~                                                        129   0~a~                                                      287   0~*a*~                                                    
                      Sep     0.45±0.18                                    −0.03, 0.95          −0.58±0.24                                   −1.06, −0.10         −0.71±0.23   −1.16, −0.26                                       --           --                                           
                      Oct     0.53±0.15                                    0.24, 0.81           −1.08±0.21                                   −1.51, −0.66         −0.43±0.17   −0.76, −0.09                                       --           --                                           
                      Nov     0.42±0.14                                    0.14, 0.70           −0.74±0.20                                   −1.13, −0.35         −0.90±0.18   −1.26, −0.83                                       0~a~                                                      
                      Dec     0~a~                                                              0~a~                                                              0~a~                                                            --           --                                           
                      Jan     0.81±0.15                                    0.52, 1.10           −0.52±0.19                                   −0.89, −0.14         −1.14±0.20   −1.50, −0.73                                       --           --                                           
                      Feb     0.68±0.15                                    0.39, 0.97           −0.84±0.20                                   −1.24, −0.43         −1.19±0.20   −1.58, −0.79                                       1.68±0.36    0.97, 2.01                                   
                      Mar     −0.69±0.15                                   −0.97, −0.40         −0.71±0.20                                   −1.10, −0.32         −0.58±0.18   −0.93, −0.24                                       3.61±0.35    2.92, 3.94                                   
                      Apr     0.96±0.15                                    0.66, 1.25           −0.91±0.20                                   −1.32, −0.51         −0.71±0.18   −1.06, −0.36                                       2.99±0.35    2.31, 3.28                                   
                      May     −0.18±0.14                                   −0.46, 0.09          −1.87±0.26                                   −2.39, −1.34         −0.90±0.19   −1.27, −0.53                                       1.48±0.36    0.75, 1.82                                   
                      Jun     0.79±0.15                                    0.51, 1.09           −2.04±0.28                                   −2.59, −1.50         −1.69±0.23   −2.15, −1.23                                       2.28±0.35    1.58, 2.67                                   
                      Jul     1.12±0.15                                    0.81, 1.41           −1.61±0.23                                   −2.11, −1.13         −1.40±0.21   −1.82, −0.98                                       0.84±0.38    0.76, 1.62                                   
                      Aug     1.63±0.16                                    1.30, 1.96           −1.73±0.25                                   −1.99, −0.98         −2.02±0.26   −2.54, −1.51                                       0.74±0.38    −0.04, 1.52                                  

0~a~ is set to zero because this category level is the reference category.

Pith was consistently estimated at significantly higher proportions in the fecal samples than direct observations ([Figure 4](#zoz058-F4){ref-type="fig"} and [Table 2](#zoz058-T2){ref-type="table"}); similarly, leaves were estimated at higher rates in the fecal samples during 9 out of the 12 months ([Figure 5](#zoz058-F5){ref-type="fig"} and [Table 2](#zoz058-T2){ref-type="table"}). The opposite trend was observed for flowers: they were estimated at higher proportions during direct observations than fecal samples in 6 out of 12 months ([Figure 6](#zoz058-F6){ref-type="fig"}). Meat was present in fecal samples during 4 months of the year (wet and dry season), but no hunting or meat-eating was detected during observational sampling. Honey and insects were detected at low rates using both methods, and the proportions of these items in the chimpanzee diet appeared to be similar only during October (wet season, [Figure 7](#zoz058-F7){ref-type="fig"}). The data indicated that in 5 months (mostly wet season) these items were more prevalent in the fecal samples, while in 4 months (mostly dry season) they were more prevalent in observations. Overall low detection rates precluded a month by month statistical comparison and made a clear trend difficult to identify ([Figure 7](#zoz058-F7){ref-type="fig"}).

![Mean percentage of pith (with 95% CI) in the chimpanzee diet over 12 months of continuous sampling (2016--2017), using observational scans and macroscopic fecal sampling.](zoz058f4){#zoz058-F4}

![Mean percentage of leaves (with 95% CI) in the chimpanzee diet over 12 months of continuous sampling (2016--2017), using observational scans and macroscopic fecal sampling.](zoz058f5){#zoz058-F5}

![Mean percentage of flowers (with 95% CI) in the chimpanzee diet over 12 months of continuous sampling (2016--2017), using observational scans and macroscopic fecal sampling.](zoz058f6){#zoz058-F6}

![Mean percentage of insects and honey (with 95% CI) in the chimpanzee diet over 12 months of continuous sampling (2016--2017), using observational scans and macroscopic fecal sampling.](zoz058f7){#zoz058-F7}

Discussion
==========

Our comparison of the two techniques of dietary data collection over the time period in the same study population demonstrated that there was a highly significant difference in the estimation of dietary diversity and seasonal dietary composition of fruit, leaf, pith, flowers, and non-plant items using observational scans and macroscopic fecal inspection. However, differences were not consistent throughout the study, and during some seasons, and months, the two methods generated comparable results, while others differed markedly. Highly obvious disparities were evident in the low estimation of leaves and pith in the observational data, and low estimation of flowers in the fecal samples. The study also indicated that each method detected comparable numbers of fruit, but not non-fruit plant items such as leaves and pith in the monthly diet.

Studies comparing dietary analysis methods on a range of species have also highlighted disparities among techniques in determining dietary breadth ([@zoz058-B41]; [@zoz058-B7]) and composition ([@zoz058-B53]; [@zoz058-B82]; [@zoz058-B93]; [@zoz058-B96]). For example, pellet analysis of double-crested cormorant *Phalacrocorax auritus* diets undervalued the importance of the prey species alewife *Alosa pseudoharengus* compared with other methods ([@zoz058-B82]). [@zoz058-B82] highlighted the significance of this oversight, since alewife is an important prey species for the cormorant diet, with an important link between cormorant reproductive success and alewife population dynamics ([@zoz058-B100]; [@zoz058-B101]). During November (wet season), observations of Nyungwe chimpanzees indicated that they fed almost exclusively on the fruit of *Syzygium guineense* ([@zoz058-B51]). However, seed handling behavior (wadging in this instance, i.e., extracting juice and nutrients from fruits while spitting the skin, fiber, and seeds out in a ball) influenced what remained of *S. guineense* in the fecal samples, underestimating the importance of this fruit species in the diet over the same period considerably.

The chimpanzees are an important seed disperser of *S. guineense* ([@zoz058-B27]), and analyzing fecal samples alone would not reveal this relationship. Likewise, in January, February, and August, the dominant species consumed (*Ficus sur* and *Podocarpus latifolius*) were both wadged, and the fecal samples yielded lower proportions of fruits than the observations ([@zoz058-B51]). We explored the alternative explanation that fruit estimates in November, January, February, and August were influenced by a lack of correlation between seed size and fruit size of the dominant plant species consumed. While this does not appear to have had a substantial impact on our results in these months, detailed data on seed and fruit size are not available for all species consumed, and therefore this may have been a source of bias in other months. Future studies estimating fruit consumption from fecal samples should consider the relationship between seed and fruit size when making their estimations.

We observed very high rates of flower consumption toward the end of the wet season and into the dry season (March, April, and June), yet flowers were detected at meager rates or not at all in the fecal samples. At the end of the wet season (March) this difference was so significant that \>70% of the observed diet was comprised of flowers, while 0% of flower remains were detected in fecal samples. If we had relied on fecal samples alone we would be unaware of the large disparity in the two methods, and would not have noticed this interesting dietary behavior given that flowers are not typically an important food item in chimpanzee diets (reviewed in [@zoz058-B98]). This result supports previous suggestions that macroscopic fecal sampling results in the underrepresentation of foods that are easily broken down during digestion ([@zoz058-B89]), compared with foods such as mature leaves that are high in cellulose and dietary fiber and are more difficult to digest.

On the other hand, during some months macroscopic fecal inspection detected honey and insects in higher quantities than observations. Underrepresentation of rarer items such as insects by observations compared with other methods of dietary estimation has also been noted in previous studies of primates ([@zoz058-B58]; [@zoz058-B89]; [@zoz058-B87]; [@zoz058-B75]), and is evidently a methodological shortfall of studies relying solely on observations. It is also possible that the 15-min scan interval used in this study could have omitted shorter feeding bouts that included insect feeding. However, there were also months in which observations detected honey and insect consumption while fecal samples did not, suggesting that utilizing either method alone would result in biased detection rates.

The other obvious disparity between methods was the high proportion of leaves and pith estimated in the fecal samples during a majority of months compared with direct feeding observations. This overestimation is likely due to recognizable fibrous strands of pith and stems remaining in the samples while flowers, fruit pulp, and leaves were digested more easily, further indicating that the biochemical and physical properties of food items, as well as their digestibility, can influence estimates of dietary composition from macroscopic fecal sampling. Another source of bias highlighted by [@zoz058-B7] suggested that the bias in diet determined by observations of the long-legged buzzard *Buteo rufinus* compared with other methods may in part have stemmed from their selection of easily accessible nests for viewing and the resultant environmental homogeneity. Although we did not select specific areas for viewing the chimpanzees (as in the above study), certain areas and behaviors were more easily visible than others (e.g., tree-feeding versus ground-feeding); this may have similarly biased our observational results as non-fruit plants such as herbaceous vegetation were typically at ground-level. Additionally, estimates of leaves and pith in the fecal samples from February to June (end of wet season/beginning of the dry season) may be inflated due to underestimation of flowers or particular fruiting species during the same period.

Passage rates of foods consumed by the chimpanzees in the analysis of fecal samples may explain some of the discrepancies between sampling methods in this study. Mean gut retention time for chimpanzees in captivity is estimated to be 31--48 h ([@zoz058-B56]; [@zoz058-B46]); estimating passage rates for chimpanzees in the wild is much more difficult due to varied diets and repeated consumption of the same foods over the course of a day, as well as consecutive fecal samples containing the same species ([@zoz058-B67]). In this study, the fecal samples collected on day 1 of each 5-day field trip would have contained foods that were consumed before observations conducted on day 1. This could have contributed to the divergence in diet estimations when averaging across each sampling period. However, [@zoz058-B67] demonstrated that the results were similar when considering gut passage rates during comparisons of fecal sample analysis and direct observations. Future comparative studies may account for this potential bias by offsetting observations with fecal sampling to account for the lag between observations of food consumption and when food would likely appear in the fecal samples. In addition, the lack of correlation between methods used in this study demonstrates that the proportion of time that chimpanzees were observed feeding on particular species does not translate to the amount of food consumed, and thus the inclusion of information such as food intake from bite/unit consumption rates in future comparisons may produce a better correlation with fecal samples ([@zoz058-B79]).

When monthly dietary breadth was compared, the number of fruit species recorded in the diet using both methods was correlated, but the number of non-fruit (e.g., herbaceous) plant species was not. In contrast to our findings, there was no correlation between the mean number of species observed to be fed upon by chimpanzees and those detected in fecal samples in Budongo Forest, Uganda ([@zoz058-B20]). The reason for this difference is unclear, but it can be argued that in our study the correlation of fruiting species detected by both methods is likely due to chimpanzees being more observable while feeding in fruiting trees, and fruit seeds being easily identified in fecal samples ([@zoz058-B89]). The effect of visibility on observations is likely also the reason that dietary diversity (*H*′) and evenness (*J*′) were both significantly higher in fecal samples compared with direct observation. This reveals that the choice of method can significantly influence the outcome of diet analyses, and this may lead to different conclusions regarding the ecology and habitat requirements of a species ([@zoz058-B41]).

Data analyzed in this paper confirms that the two data collection types we used differed significantly in their estimation of dietary composition. In the present study on the Nyungwe chimpanzees, direct observations underestimated dietary diversity and the amount of leaf and pith plant items in the diet; while reliance on fecal sampling significantly underestimated the consumption of flowers. Both techniques have significant biases and flaws and without direct comparisons such as the one undertaken in this study, predicting the extent of the biases is challenging, particularly for species with a broad diet of items that vary widely in digestibility. Our results suggest that when addressing questions related to dietary breadth and diversity, a combination of both observational and fecal sampling methods will provide the most comprehensive description of the diet. While our results indicate that both methods used in this study could not provide a knowingly accurate account of diet composition, this is a common methodological issue with field studies that is not often addressed. Using multiple methods (e.g., macroscopic and microscopic analysis of fecal samples as well as observations, camera traps, and if possible, bite/unit consumption counts) to collect data concurrently can demonstrate where bias may be present, thus improving the interpretability of results as different methods can result in different conclusions about a species' ecological and habitat needs. Other studies have similarly concluded that a combination of methods is the most effective approach ([@zoz058-B64]; [@zoz058-B7]). A study comparing methods of dietary analysis of giraffes *Giraffa camelopardalis* found congruency in their results from direct observations and fecal analysis in identifying seasonal changes in the top food species, yet the authors still recommended that a combination of methods should be used ([@zoz058-B64]). These findings suggest that features of the animal's foraging behavior and its environment (e.g., selective feeder, diurnal, and open habitat) influence the suitability and accuracy of different methods. However, we also highlight that when selecting appropriate methodological approaches, it is important to consider how the chosen methods relate to the research questions and goals, the feasibility of applying within the system of interest, and any ethical and conservation-related issues.

While our discussion relates mainly to macroscopic fecal sampling we also highlight the contribution that microscopic sampling techniques such as DNA barcoding or pollen analysis provide in studies assessing the dietary diversity, composition, and seasonal shifts of a range of species ([@zoz058-B92]; [@zoz058-B80]; [@zoz058-B24]; [@zoz058-B44]; [@zoz058-B77]), particularly as these methods can deliver precision in species identification ([@zoz058-B74]; [@zoz058-B29]). It is important to note that the DNA barcoding marker used to analyze plant diet can impact which species are identified ([@zoz058-B10]; [@zoz058-B47]), and when identifying vertebrates in the diet through DNA analysis there is the possibility that vertebrates in the local environment contaminated the feces ([@zoz058-B34]). Evidently, an integrative approach that utilizes macroscopic fecal analyses and/or behavioral observations to confirm DNA results would be the most effective ([@zoz058-B62]; [@zoz058-B10]).

The differences in diet composition and diversity estimated by the two sampling methods used in this study highlight some of the key considerations to be made when using one single method to calculate wild animal diets. Future studies should empirically assess whether differences exist among methods used to determine diet in a range of species. Of particular interest are animals in highly seasonal environments where differences may change over an annual cycle, and rare or endangered species, since practical conservation efforts often rely on accurate knowledge of a species' ecology.
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